Contribution of Two-Boson-Exchange with A(1232) Excitation to 
Parity- Violating Elastic Electron-Proton Scattering 
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We study the leading electroweak corrections in the precision measurement of the strange form 
factors. Specifically, we calculate the two-boson-exchange (TBE), two-photon-exchange (TPE) plus 
7^-exchange (-yZE), corrections with A(1232) excitation to the parity- violating asymmetry of the 
elastic electron-proton scattering. The interplay between nucleon and A contributions is found to 
depend strongly on the kinematics, as Sa begins as negligible at backward angles but becomes very 
large and negative and dominant at forward angles, while Sn always stays positive and decreases 
monotonically with increasing e. The total TBE corrections to the extracted values of G S E + j3G a M in 
recent experiments of HAPPEX and GO are, depending on kinematics, found to be large and range 
between 13% to — 75% but small in the case of A4 experiments. 
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Recently, parity-violating (PV) elastic electron-proton 
scattering has been actively pursued [l[ in order to probe 
the strangeness content of the nucleon, one of the most 
intriguing questions in hadron structure in the last two 
decades. It is achieved by measuring the parity-violating 
asymmetry A PV = (<tr - (Tl)/{?r + where ctr(l) is 
the cross section with a right- (left-) handed electron, in 
scattering of longitudinally polarized electrons from un- 
polarized protons. At tree level, parity violation in elec- 
tron scattering comes from the interference between one- 
photon-exchange (OPE) and Z-boson-exchange (ZBE) 
diagrams as shown, respectively, in Figs. 1(a) and 1(b). 
The form factors of neutral weak current extracted from 
Apv are sensitive to a different linear combination of the 
three light quark distributions. When combined with 
proton and neutron electromagnetic form factors and 
with the use of charge symmetry, the strange electric 
and magnetic form factors, G S E and G S M , can then be 
determined Q. 

Leading order radiative corrections to Apy, including 
the box diagrams Fig. 1(d) and other diagrams, were 
extensively studied in 0, 0] where the interference be- 
tween 7Z-exchange (jZE) of Fig. 1(d) with Fig. 1(a), 
was evaluated within the zero momentum transfer ap- 
proximation, i.e., Q 2 — 0. However, recent studies [B|, Q 
indicate that the jZE correction has a strong Q 2 depen- 
dence which could lead to substantial errors in the ex- 
tracted strange form factors if the results obtained with 
Q 2 = are used. 

In addition, the contribution of the interference of the 
two-photon-exchange (TPE) process of Fig. 1(c) with 
diagram of Figs. 1(a) and 1(b) to Apy, has been cal- 
culated in 0] in a parton model using GPDs. It was 
found that indeed the TPE correction to Apy can reach 
several percent in certain kinematics, becoming compa- 
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FIG. 1: (a) one-photon-exchange, (b) Z-boson-exchange, (c) 
TPE, and (d) 7/7-exchange diagrams for elastic ep scattering. 
Corresponding cross-box diagrams are implied. 



rable in size with existing experimental measurements of 
strange-quark effects in the proton neutral weak current. 
The results of the partonic calculation of [7j at large 
have been confirmed by the hadronic calculations of 

The calculations of 0, 0] which studied the two-boson- 
exchange (TBE) corrections to Apy, namely, the con- 
tributions of the interference of the TPE process of Fig. 
1(c) with diagram of Figs. 1(a) and 1(b) to Apy, and 
that between the jZE of Fig. 1(d) with Fig. 1(a), were 
carried out in a simple hadronic model where the inter- 
mediate states are restricted only to elastic intermedi- 
ate states. Since A(1232) plays a dominant role in low- 
energy hadron physics Q , it is essential to include the A 
in the intermediate states and evaluate the correspond- 
ing contribution to the PV elastic ep scattering. Simi- 
lar effect, i.e., TPE contribution with an intermediate A 
resonance, in the parity-conserving elastic ep scattering 
was found 0] to be small as compared to TPE diagram 
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with nudeon intermediate states. It can be understood 
because there is a mismatch in the matrix elements of 
jee and 7 iVA vertices. Namely, the matrix element of 
the spatial component of the electron current is (v/c) 
smaller than that of the charge component while it is the 
other way around in the 7.ZVA transition current, i.e., 
the magnetic dipole transition dominates [Io| . However, 
such a mismatch is absent in the diagrams involving Z- 
exchange. We may then expect A TBE contribution to 
be non-negligible. 

In this paper, we report on calculations of the cor- 
rections of the TBE with A in the intermediate states, 
including TPE and ^yZE, to Apy and their effects on the 
extracted values of the nucleon strange form factors. 

At hadron level, the photon-induced transition of p — » 
A+ is given by @ 

(N(p')\j; m \A(p)) = ^luip'^g^i-p^i 
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-liffV ■ Q + lvM a ) + 92(p f ,q a -p-qg%) + 53/ 'M N 

(q 2 (p,i a - g&) + %{q a i> - i a p ■ q))h 5 T 3 u*( P ), (l) 

where q = p' — p and T3 is the third component of the 
N — > A isospin transition operator. 

The neutral weak current can be decomposed into 
isovector and isoscalar parts: 



J„ = &vV:; + aAAi + isoscalar terms, 
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V., + isoscalar terms, 
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where the superscript "3" refers to the 3rd component 
in isospin space, ay = (1 — 2 sin 2 #w)/(2 cos 9\y), and 
a a — — 1/(2 cos 0\y)- The isoscalar part does not con- 
tribute to N — > A transition. The vector and axial- vector 
components in the ZpA + vertex can be written as 

(p(p%jz- v \A+(p)) = E^luWfabffl-prfi 

1V1 N 

-7m7> ' q + l^q a ) + Hp»q a ~ P ■ qg°) + h/M N (q 2 
(P^l a ~ 9&) + q^p 1 ~ 1> ■ q))h 5 u£(p), 

( P (p%jZ- A \A+(p)) = ^lu(p')[ hl (g^p- q )~p, q a ) 



N 



+h 2 /M N (q a qJi - (p ■ qh a qj) + h 3 ({ P ■ <z) 7 Q ^ 



(3) 



where g[s and g[s are related by (ji = a/2/3 ay g%- Fa and 
Ha in Eqs. |T]) and ((3|) are vector and axial- vector form 
factors, respectively, and we assume that, for simplicity, 
each of them separately take a common form for different 
couplings. 

Choosing the Feynman gauge and neglecting the elec- 
tron mass m e in the numerators, the amplitudes of box 
diagrams of TBE with A excitation as depicted in Figs. 
2(a) and 2(b) can be written down straightforwardly. 
E.g., we have for Fig. 2(b) 
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2: (a) TPE and (b) "fZE box diagrams with A interme- 



diate states. Corresponding crossed diagrams are implied. 
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u(pA)T A a _^ N (k,p 4 - k) 

r^T A (fe,fe-p 2 )'"(p2), (4) 



where P^a{k) |8| is the spin-3/2 projector and g 



a/3 



ej smOw is the weak coupling constant. The vertex 
functions T's are defined by u(p')T A a j^ N (p, q)u^(p) = 



MN{p')\J» m \A{p)) and uf(p)T^ A (p, -q)u(p>) 



-ig(A(p)\J%\N(p')). Note that the vertices jNA and 
ZNA given in Eqs. (P) and ([3]) both satisfy the con- 
straints, p a r A a _, N (p, q') = p^n^a(P' <?') = °j for an y q' 

to eliminate the coupling of the unphysical spin-1/2 com- 
ponent of Ratria-Schwinger spinor [1 II ] . ZNA vertex has 
been expressed in several other forms 12, 13|, 14 1 which 
are different from Eq. ([3|). All of them, including Eq. 
([3]) , are equivalent when both the nucleon and the A are 
on-shell. However, only the choice of Eq. ([3]) contains no 
coupling to the spin-1/2 component of the A. 

Amplitudes for the cross-box diagrams can be written 
down similarly. The loop integrals with A intermediate 
state are infrared safe. We use computer package "Feyn- 
Calc" [lj| and "LoopTools" [lj| to carry out the calcu- 
lation. The form factors Fa and Ha are necessary for 
ultraviolet regulation of the loop integral and we assume 
simple dipole form A^/(A^ — q 2 ) 2 for both of them. We 
set A A = 1 GeV for H A and 0.84 GeV for Fa- Variations 
of these cut-offs do not affect significantly the results. 

The values of the coupling constants g^s can be deter- 
mined from the experimental data of 7./V -> A at real 
photon point. They are simply linear combinations of 



the Jones-Scadron form factors [13] G 
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where K 



Mjy 



Tj ti tt— • With the use of the most recent 

2 M & +M N _ | , 

experimental values for the G s(0) [8J,[18|, we obtain gi = 
1.91, g 2 = 2.63, and g 3 = 1.59. These give g x = 0.48, 
ci2 = 0.66, and g 3 — 0.40. They differ from those used in 
|9j where Gc(0) was approximated to be zero. 

Only coupling constants h[s remain to be determined. 
They can be inferred from the data of vN — > /iA. Many 
experimental papers on neutrino induced A production 
adopt the notation of Llewellyn-Smith 12j where the N- 
A transition is written as 
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The form factors in Eq. ((3]) can be related to the form 
factors defined in Eq. {5| by performing a rotation in 
isospace and assuming the nucleon and A are both on- 
shell. The resulting relations are 
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According to [19|, [2 
data of i^A^ — » /xiVTr 




0, hence /i3=0. From the 
one can extrapolate the ex- 



perimental result to Q 2 =0 and find C^(0) = —0.8 and 
C^(O) = 2.4 0. One then obtains hi = -0.263, and 
/14 = —0.458. Parameter I12 can not be determined from 
the weak pion production. Fortunately its effect is tiny 
(< 10~ 18 ) and we simply set hi = 0. The sensitivity of 
the results with respect to the variation of h^s is found 
to be very small. 

In Fig. 02 we show the TPE and ^ZE corrections to 
Apv by plotting 5 = 5n + S A , defined by 

A PV {l 1 +Z + 2 1 + 1 Z) = A PV (l 1 +Z){l + S N + S A ), (7) 

us. e= [1+2(1+t) tan 2 0L a b/2] _1 , where ^iab is the labo- 
ratory scattering angle and r = Q 2 /(AM 2 ), at four differ- 
ent values of Q 2 = 0.1, 0.5, 1.0, and 3.0 GeV 2 . A PV (1-/ + 
Z) denotes the parity-violating asymmetry arising from 
the interference between OPE and Z-boson-exchange, 
i.e., Figs. 1(a) and 1(b), while A PV (l^ + Z + 2j + jZ) 
includes the effects of TPE and jZE. Sn and S A corre- 
spond to the contribution from the box diagrams with 
only nucleon or A in the intermediate states and are 
represented by dotted and dot-dashed lines, respectively. 
The sum 5 = 5^+5 A is given by solid curves. In addition, 
we also present the contribution arising from interference 



between jZE with A-excitation and OPE, 5 A (~{Z) by 
short dashed lines. The difference between dot-dashed 
lines and short dashed lines would then correspond to ef- 
fects of interference between TPE with A-excitation and 
ZBE, i.e., S A (2 7 ) = <5 A - &a{iZ). 
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FIG. 3: TPE andSyZ-exchange corrections with^iucleon and 
A intermediate states to parity-violating asymmetry as func- 
tions of e from 0.1 to 0.98 at Q 2 = 0.1, 0.5, 1.0, and 3.0 
GeV 2 . 

We see from Fig. [3l that 6 A (dot-dashed lines) is very 
small except at low Q 2 ~ 0.1 GeV 2 and e > 0.7. De- 
tailed analysis shows that below Q 2 ~ 0.1 GeV 2 , S A (jZ) 
starts out as very small and positive at small e and in- 
creases with e before turning around at e ~ 0.9 and drops 
sharply to become large and negative as e approaches 1. 
The peak around e ~ 0.9 is very sharp and becomes less 
pronounced with increasing Q 2 . In this region of small 
Q 2 , S A (2j) is almost negligible. For Q 2 in the region of 
0.1 - 1.0 GeV 2 , both <5 A (27) and 5 A (jZ) are flat and 
almost zero until e increases past 0.8 and results in a 
small and negative 8 A at forward angles. For Q 2 > 3.0 
GeV 2 , S A (jZ) starts out around 1% at backward angles 
and gradually decreases with increasing e to cross zero 
at e ~ 0.7 before dipping further to large and negative 
at extreme forward angles. However, the total effects of 
the A, S A is small at Q 2 > 1.0 GeV 2 . These behav- 
iors differ from those of 5n which always stays positive 
and decreases with increasing e. At small e, 5^ is much 
greater than S A such that the sum S is not much different 
from 6n- However, for larger values of e, S A dominates. 

Another way to look at our results is to see the evolu- 
tion of the S's with respect to Q 2 at fixed e as depicted 
in Fig. |4]for e = 0.5 and e = 0.95. The notation is the 
same as in Fig. [3] We clearly see that at e = 0.5, Sn 
is dominant. However, at e > 0.95 where most of the 
exiting data are taken, S A dominates. 

We now proceed to estimate the effects of the TBE 
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to quantify the effects of TBE, where G S E + (3G S M and 
G E + 0G S M correspond to the strange form factors ex- 
tracted from Apv(p,K) and Apy (//, k'), respectively. 
From Eq. ((5|) we then obtain 
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FIG. 4: TPE and 7/7-exchange corrections with with nucleon 
and A intermediate states to parity-violating asymmetry as 
functions of Q 2 from 0.1 to 6 GeV 2 at e = 0.5 and 0.95. 



on the values of strange form factors extracted from 
HAPPEX, A4 and GO [l| experiments. The parity asym- 
metry is conveniently [4| expressed as follows, 



Ap V (p, k) 
A\ = —ap 



A 1 +A 2 +A 3 , 
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e{GY) 2 + T{Gjf) 2 ' 



A 3 = a(l - 4 sin 2 9 W ) 



e(Gl«r + T(G]£r 



where a = G F Q 2 /AiraVZ, e' = y/r(l + r)(l - e 2 ), and a 
the fine structure constant. When the parameters p and k 
are set to one, Eq. ([5]) reduces to the expression obtained 
in tree approximation. The linear combination of the 
strange form factors G% + (iG s M , with f3 — rGjf / eGp] p 
has been extracted from A 2 in Eq. (JSj> . Deviations of p 
and k from one represent all possible higher-order radia- 
tive corrections, including vertex corrections, corrections 
to the propagators, and ^Z— exchange etc. 

The latest PDG values Q give p = 0.9876, k = 
1.0026. To avoid double counting, one should remove 
the effect of the box diagram. The values Sp = 
-3.7 x 10~ 3 and An = -5.3 x 10" 3 for this effect used 
in PDG were those estimated by [3j within the zero mo- 
mentum transfer Q = approximation scheme, when the 
onset scale is set to be 1 GeV. Consequently, we will set 
the experimental parity asymmetry, 



A 



'^ p) = A PV (1 7 + Z + 2 1 + 1 Z), 

= A pv (p',k')(1 + S n + 5 a ). (9) 



where p 1 = p — Ap and k! = K — An. We can then de- 
termine Apv{p' ', k') and extract the strange form factors 
from the resultant A%. 
We introduce 8q 



G E + (3G S M = (G E + I3G S M )(1 + S G ), 



(10) 



Sa = 



S) + 4apsin 2 6 w Ak - A 3 



A E P X V P - A a 



(11) 



where A = A\ + A 3 . 

We present our results for 6 at, ^a, their sum 5, and 5q 
in Table I for HAPPEX, A4, and GO experiments. We 
also list the corresponding values, labelled as 5q, in Table 
I as would be obtained in {$] within Q = approximation 
scheme such that 5g = if 6 = Sq. In other words, 
difference between 6 as we obtain and So represents the 
possible Q 2 -dependence neglected in the estimation of 
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I 


II 


III 


IV 


V 


VI 


Q 2 {GeV 2 ) 


0.477 


0.109 


0.23 


0.108 


0.232 


0.410 


e 


0.974 


0.994 


0.83 


0.83 


0.986 


0.974 


M%) 


0.25 


0.34 


0.86 


1.30 


0.288 


0.275 


M%) 


-0.59 


-1.53 


0.21 


0.66 


-0.90 


-0.60 


5(%) 


-0.34 


-1.19 


1.07 


1.96 


-0.61 


-0.30 


S (%) 


1.03 


2.62 


1.51 


3.13 


1.82 


1.417 


5a{%) 


-25.52 


-75.23 


-2.76 


-2.27 


13.12 


20.62 



TABLE I: The corrections S G to G% + (3G a M for HAPPEX, 
A4, and GO experiments. (I, II), (III, IV), and (V, VI) refer 
to the HAPPEX, A4, and GO data, respectively [J]- 

All experimental data included in Table I were ob- 
tained in near forward directions with e > 0.8. More 
specifically, the HAPPEX and GO data given in the 
columns (I, II) and (V, VI) were taken at extremely 
forward angles with e w 0.97. It is seen that in this 
region 5a completely dominates over Sn with opposite 
sign and pushes the total TBE effects 6 — Sn + Sa away 
from the zero momentum transfer approximation values 
So- Thus the large corrections to Sq we found in [j| 
for HAPPEX data in columns (I, II) with only effect 
of nucleon intermediate states considered, are now en- 
hanced from (-14.6%, -45.1%) to (-25.5%, -75.2%), re- 
spectively. Similarly, for the case of GO data given in (V, 
VI), S G increases from (7.7%, 13.6%) to (13.1%, 20.6%), 
respectively. However, for A4 data listed in columns (III, 
IV) taken at smaller e = 0.83 , Sa is smaller than Sn with 
same sign such that Sa brings S close to So and results in 
smaller <5g's. 

In summary, we calculate TBE effect with A excita- 
tion to the parity-violating asymmetry of elastic ep scat- 
tering in a simple hadronic model. A's contribution Sa 
is, in general, much smaller compared with the nucleon 
contribution Sn in magnitude except at extreme forward 
angles. Sa stays very small and flat at backward angles 
but turn negative abd large at extreme forward angles, in 
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contrast to 8n which always stays positive but decreases 
monotonically with increasing e. Accordingly interplay 
between the contributions of TBE with nucleon and A 
intermediate states depends strongly on the kinematics. 
The A effect is smaller in magnitude than the nucleon 
contribution with the same sign for e < 0.8, as in the case 
of A4 experiments. The total TBE effect 8 = Sn + 5a 
is hence enhanced and approaches closer to the zero mo- 
mentum transfer approximation value <5o than Sn- Thus 
the corrections to G s E + f3G s M in A4 experiments decrease 
to about —2.5%, when the effect of A excitation is in- 
cluded. On the other hand, at extremely forward direc- 
tions with e ~ 0.97, as in the cases of HAPPEX and GO 
experiments, A's effect becomes negative and dominates 
over (5/v- The sum 5 then moves considerably away from 
Sn. The combined TBE correction to G s E + f3G s M found in 
[5J for the HAPPEX experiments are thereby enhanced 
to reach —25% ~ —75%, while in the case of GO experi- 
ments the corrections are in the range of 13% ~ 21%. 

The fact that we find significant contribution from 
TBE with A excitation in the very forward angles, where 
many of the current experiments are performed, brings 
up the question of the inclusion of higher resonances. 
Naively, one would expect that A(1232) would give the 
largest contribution since it is the most prominent res- 
onance and, besides, higher resonances are suppressed 
because of their larger masses. However, only an ex- 
plicit microscopic calculation can answer this question. 
An extension of the present calculation to include higher 
resonances is currently underway. Recent dispersion re- 
lation calculation of the ^ZE correction to Q wea k [S^l 
could be used to clarify this question in the exact for- 
ward scattering. However, our results indicate that 8 
depends sensitively with Q 2 at low momentum transfer 
so whether dispersion relation method of 23] can be ex- 
tended to investigate the TBE correction to strange form 
factors remains to be further explored. Study of TBE ef- 
fect with the use of GPD as done in and Hi] for TPE 
effects, will also be very illuminating in this regard. 
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